Chemically modified nucleic acids function as model systems for native DNA and RNA; as chemical probes in diagnostics or the analysis of protein-nucleic acid interactions and in high-throughput genomics and drug target validation; as potential antigene-, antisense-, or RNAi-based drugs; and as tools for structure determination (i.e., crystallographic phasing), just to name a few. Biophysical and structural investigations of chemically modified DNAs and RNAs, particularly of nucleic acid analogs with more significant alterations to the well-known base-sugar-phosphate framework (i.e., peptide or hexopyranose nucleic acids), can also provide insights into the properties of the natural nucleic acids that are beyond the reach of studies focusing on DNA or RNA alone. In this review we summarize results from crystallographic analyses of chemically modified DNAs and RNAs that are primarily of interest in the context of the discovery and development of oligonucleotide-based therapeutics. In addition, we re-examine recent structural data on nucleic acid analogs that are investigated as part of a systematic effort to rationalize nature's choice of pentose in the genetic system.
INTRODUCTION
X-ray crystallography continues to be an important tool for investigating the structure and function of the nucleic acids. The everincreasing number of structures deposited in databases bears witness to the central role that three-dimensional structural information plays in many areas of research, including chemistry, biology, medicine, material sciences, and the interfaces between them. Given the large range of functional topics addressed by the emerging structures, it makes sense to limit a review of recent crystallographic studies of nucleic acids to a specific area. Thus, we have decided to cover only recent crystal structures of chemically modified oligonucleotides and nucleic acid analogs in this article. Moreover, recent advances in nucleic acid crystallography were reviewed elsewhere (25) , and other subjects, such as DNA bending (87) , DNA-cation interactions (24, 45) , noncanonical DNA structures (88) , DNA-drug interactions (6) , RNA folding motifs (42), ribozymes (17) , and progress in the characterization of the structure and function of the ribosome (67) , were the focus of review articles or edited books.
Since the appearance of the review on current progress in nucleic acid crystallography (25) many new and exciting structures have been published, and we wish to list only a small selection here. The crystal structure of a junction between B-form and Z-form DNA revealed that conversion of the right-handed to the left-handed duplex form simply requires the breaking of a base pair and extrusion of the bases on each side (89) . Hays et al. (41) investigated how DNA sequence affects structure based on the determination of nearly all possible structures of an inverted repeat sequence d(CCnnnN 6 N 7 N 8 GG), where N 6 , N 7 , and N 8 are any of the four naturally occurring nucleotides and nnn are nucleotides required for self-complementarity. The crystal structure of a cytotoxic platinum(II) complex (TriplatinNC) bound to a DNA dodecamer duplex showed recurring square-planar coordination units (termed phosphate clamps), which consist of bidentate N · · · (P)O − · · · N complexes with phosphate oxygens (47b) . The crystal structure of an RNA containing six CUG repeats was determined in order to probe the structural basis of myotonic dystrophy (61) . The structure of a Diels-Alder ribozyme-product complex provided further evidence for RNA's functional versatility and revealed structural parallels in the active-site architectures of a catalytic antibody and the RNA enzyme, both of which catalyze the carbon-carbon bond-forming reaction (86) . Finally, the structure of the thiamine pyrophosphate (TPP) riboswitch from Arabidopsis thaliana with its regulatory ligand yielded insight into the reorganization of the riboswitch fold upon TPP binding and helped rationalize the mechanism of resistance to the antibiotic pyrithiamine (96) . One motivation to generate chemically modified oligonucleotides is their potential use as therapeutics. Thus, phosphorothioate DNAs (PS-DNAs) were evaluated as antisense agents against a wide range of targets (9, 10) , and several of the so-called secondgeneration modifications have reached the clinical trial stage and are at various phases in the assessment of their therapeutic efficacy (7) . However, the antisense community has witnessed many disappointments over the years regarding the performance of chemically modified oligonucleotides in the clinic. The advent of RNA interference (RNAi) has therefore energized the field, and the successful use of short interfering RNA molecules (siRNAs) to induce RNA degradation through a natural gene-silencing pathway has led to a revival of antisense technology (11) . Although studies of RNAi therapeutic efficacy against a broad range of targets in ro-Phosphorothioate DNA (PS-DNA): DNA with one nonbridging phosphate oxygen replaced by a sulfur atom Antisense: complementary to the sense (coding) strand; an approach whereby the sense strand is targeted with an artificial antisense oligonucleotide to downregulate protein synthesis RNA interference (RNAi): a natural process leading to gene silencing via an RNA oligonucleotide duplex that triggers sequence-specific cleavage of a messenger RNA by the RNA-induced silencing complex dents demonstrate the potential for RNAi for modulation of various diseases, in vivo delivery of siRNAs remains a significant obstacle.
An overview of potential applications of synthetic oligonucleotides is provided in Figure 1 . From the diagram it is evident that drug discovery is just one of the motivations for chemical modification of nucleic acids. Chemically modified oligonucleotides have numerous other applications in chemistry, biochemistry, molecular biology, cell biology, diagnostics, nanotechnology and materials science, and are widely used as tools in genomics and target validation. Beyond serving more practical applications, modified nucleic acids play an important role as model systems to probe the structure and function of native DNA and RNA. Nucleic acid analogs that were generated for the purpose of a systematic investigation of an etiology of nucleic acid structure constitute examples in this regard (33). Our laboratory has a longstanding interest in the structural properties of chemically modified oligonucleotides (for an early review see Reference 21) . Ongoing efforts have focused on conformational changes (22, 93, 101) as well as on secondary effects such as altered hydration (53, 90, 94) and metal ion binding (95) as a result of chemical modification. Detailed comparisons between a series of modifications concerning the same site (i.e., 2 -O-modified oligoribonucleotides) (27, 73, 79) and correlations between their three-dimensional structural properties and key features such as RNA affinity, nuclease resistance, and uptake were expected to yield guiding principles for the design of artificial nucleic acids with improved therapeutic efficacy compared with the first-generation PS-DNAs (23) .
Here we review progress in the structural characterization of artificial oligonucleotide systems using X-ray crystallography in the past five years. In the section on the structural properties of nonnative oligonucleotide systems, we differentiate between chemically modified oligonucleotides and nucleic acid analogs. The first category includes, for example, oligonucleotides with 2 -carbohydrate modifications or conjugates with a stilbene moiety in place of a base pair. An overview of modification sites is given in Figure 2 . Peptide nucleic acids and other systems such as homo-DNA, in which the pentose sugar is replaced by 2 ,3 -β-d-dideoxyglucopyranose, i.e., pairing systems with more significant deviations from the familiar DNA and RNA frameworks, are classified as nucleic acid analogs.
SUGAR MODIFICATIONS

Ribose 2 -O Modifications
The 2 position of the DNA carbohydrate moiety is an attractive site for oligonucleotide modification for the purpose of antisense applications (56) . The synthetic preparation of such analogs is relatively straightforward in many cases. Modification with an electronegative substituent locks the conformation of the sugar in the C3 -endo conformation and preorganizes the oligonucleotide for the RNA target strand (21, 22) . The 2 substituent can improve the chemical stability of the antisense oligonucleotide and protect it against attack by exo-and endonucleases. For example, the positively charged 2 -O-(3-aminopropyl) (2 -O-AP) modification confers excellent resistance against degradation by exonucleases (39) (Figure 3 shows an overview of all 2 modifications discussed in this section). In the crystal structure of the complex between the Klenow DNA polymerase I exonuclease and an oligonucleotide carrying 2 -O-APmodified residues at its 3 end, one of the metal cations required for catalysis was displaced from the active site by a salt bridge between the substituent's ammonium group and a carboxylate that is normally coordinated to the metal center (91) . Further, 2 modification can increase hydration of the minor groove and this results in higher affinity for RNA. The higher thermodynamic stability ANRV311-BB36-14
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30 January 2007 19:0 of duplex RNA compared with DNA can be attributed in part to a stable minor groove water structure mediated by RNA 2 -hydroxyl groups (29). Another potential benefit of 2 modification is the altered lipophilicity of an oligonucleotide that can affect uptake and lead to favorable pharmacokinetic properties. Even a relatively simple modification such as 2 -O-methylation results in a significant increase in the melting temperature of the duplex compared to that of parent RNA (37). An initial crystal structure of a A-form DNA duplex with 2 -O-methylated adenosines had revealed water molecules bound to the 2 oxygen and an antiperiplanar conformation of the C3 -C2 -O2 -CH 3 torsion angle (53) (see Figure 3 for atom numbering). Therefore, it appeared that the higher stability brought about by 2 -O-methylation was not due to an entropically favorable release of water molecules from the minor groove. Indeed, subsequent molecular dynamics simulations of 2 -O-methylated RNA demonstrated stable hydration patterns around the hydrophobic moiety in the minor groove and residence times of water molecules that were extended compared with those bound to duplex RNA, consistent with a favorable enthalpic contribution to stability by 2 -O-methylation (3).
In the 2 -O-[2-(methoxy)ethyl] (2 -O-MOE) modification the conformational preorganization of the sugar extends into the substituent (90, 94) . Most 2 -O-MOE substituents adopt a gauche conformation, and a water molecule trapped between O2 and the methoxy oxygen is typically bridged to the adjacent phosphate group by either a single water molecule or a tandem of waters. It is reasonable to conclude that the increased hydration of the minor groove and the backbone in 2 -O-MOE RNA is at the origin of the favorable RNA affinity of this analog. Several 2 -O-MOE-modified oligoribonucleotides are now in clinical trials (7) . The corresponding 2 -O-[2-(methylthio)ethyl] (2 -O-MTE) modification has enhanced binding to serum albumin, consistent with better uptake and biodistribution (77) . Compared with 2 -O-MTE, the 2 -
Figure 3
Structures of 2 -O-sugar modifications that were studied in crystal structures of partially or fully modified oligonucleotides.
Homo-DNA:
synthetic, hexose-based nucleic acid in which the 2 -deoxyribose sugars of DNA are replaced by (4 →6 )-linked 2 ,3 -dideoxy-β-dglucopyranoses O-MOE modification exhibited poor binding to proteins but superior resistance to exonuclease degradation.
In order to try to combine the favorable RNA affinity of the 2 -O-MOE modification with the exceptional nuclease resistance of the 2 -O-AP modification, we designed the 2 - (79) (Figure 3,  Figure 4a ). Subsequent investigations showed that the optimal RNA affinity of MOE is preserved and that 2 -O-DMAEOEmodified oligonucleotides dodge degradation by exonucleases in a manner similar to those with 2 -O-AP modifications. The (78) . However, unlike the case of 2 -O-DMAEOE modification, consecutive placement of 2 -O-GEmodified residues led to a reduced increase in the RNA affinity per modification compared with oligonucleotides in which the modifications were dispersed. The crystal structure of a 2 -O-GE-modified A-form DNA duplex revealed that the guanidinium moieties were located near the phosphate group of the 3adjacent nucleotide (78) . The resulting partial neutralization of the positive charge appears to be insufficient to prevent repulsive interactions between 2 -O-GE substituents in fully modified regions. By comparison, fully 2 -O-GE-modified strands exhibit high affinity for DNA duplexes, thereby providing an indication for effective interactions between positively charged substituents and negatively charged phosphate backbone.
We also conducted a comprehensive analysis of the RNA affinities, nuclease resistances, and structural properties of 
(2 -O-IME) (27) (Figure 3) . This work confirmed the importance of the electronegativity of the substituent and its conformational preorganization (i.e., via gauche effects between oxygen atoms as in the case of 2 -O-MOE) and hydration as factors for optimal RNA affinity. Positively charged substituents (i.e., 2 -O-DMAOE and 2 -O-IME) afforded better protection against nucleases than did smaller aliphatic or relatively short substituents with electron-withdrawing atoms. The better protection against nuclease attack conferred by some of the modifications appears to go along with close association of substituent and phosphate groups in the crystal structure. The 2 -O-BOE substituent led to better than expected RNA affinity, but oligonucleotides carrying this modification did not exhibit the resistance against nuclease degradation predicted for a relatively bulky modification. In the crystal structure, 2 substituents are well ordered and conformational preorganization may account for the unexpected RNA affinity. On the other hand, the benzyl moieties are not in the vicinity of the phosphate groups and therefore may not sterically or electronically shield the backbone against a nuclease.
X-ray crystal structures also provided a rationalization of the significantly different RNA affinities observed for oligonucleotides bearing (73) (Figure 3 and Figure 4b ). In the structure of the oligonucleotide with the destabilizing 2 -O-NMC modification, the NMC substituent forms a short contact with the sugar moiety (C1 ) and an electrostatically unfavorable interaction with the exocyclic keto oxygen of the base. By comparison, in the structure of the oligonucleotide containing 2 -O-NMA-modified thymidines, the substituent's carbonyl oxygen engages in a water-mediated hydrogen bond to the base, and the nitrogen atom together with backbone O3 stabilizes a water structure between the substituent and phosphate, reminiscent of that seen with the 2 -O-MOE modification (Figure 4b ).
-Amine-Substituted RNA
Substitution of the RNA 2 -hydroxyl group by an amine lowers the stability of duplex RNA but is beneficial in terms of nuclease resistance. This modification is more useful for analyzing RNA structure and RNAligand interactions than for antisense applications (19, 98) . Crystal structures of RNA 16mer duplexes with 2 -amino-C paired with either G or A demonstrated that the substitution is well tolerated in the A-form duplex (38). Similarly, a 2 -amide product generated by acylation of the amine is compatible with a standard duplex geometry. The amine acylation transition state was simulated by the structure of a 2 -amino-C-containing RNA at pH 5. Under these conditions the 2 -amine group is protonated, and in the crystal structure the 3 -phosphodiester moiety moved toward the amine and the modified nucleotide was rotated into the minor groove. These conformational adjustments bring the 2 -amino group within hydrogen bonding distance of the bridging 5 -phosphodiester oxygen, supporting the conclusion that 2 -amine acylation proceeds most efficiently when the base is flipped out of the helix or when it forms a mismatch pair.
Arabinonucleic Acid and 2 -Deoxy-2 -Fluoroarabinonucleic Acid
Recognition by RNase H of the hybrid duplex formed between an antisense oligonucleotide and its target RNA is considered of crucial importance for the efficacy of a particular nucleic acid modification (52, 99) . Unfortunately, (Figure 2) , and 2 -deoxy-2 -fluoroarabinonucleic acid (FANA), elicit RNase H action (12) . However, none of the above 2 -carbohydrate modifications are tolerated by the enzyme unless they are applied as mixed oligomers with central PS-DNA windows. The enzyme binds to double-stranded RNA and RNA:DNA hybrids from the minor groove side, and the intolerance toward many modifications is due likely to steric conflicts in the minor groove. In addition, it was long suspected that the width of the minor groove of the hybrid duplex would play a key role in substrate recognition (36, 65). The minor groove of a hybrid duplex, in which the riboses adopt a C3endo (North) pucker and the 2 deoxyriboses adopt either a C2 -endo (South) (36) or an O4 -endo (East) (60) pucker, is contracted relative to a canonical A-form. Double-stranded RNAs are not cleaved by RNase H. In the recently determined crystal structure of a bacterial RNase H bound to an RNA:DNA hybrid, sugars in the RNA strand exhibited the expected C3 -endo conformation and sugars in the DNA strand at the enzyme active site adopt a C2 -endo pucker (68) . The minor groove of the duplex was indeed narrower than a standard A-form double helix. In a B-form duplex environment, FANA-T adopted an O4 -endo sugar conformation (4), and subsequent crystal structures of A-form DNA duplexes containing single ANA or FANA residues and of B-form DNA duplexes with incorporated ANA residues provided good evidence for different conformational preferences by ANA and FANA (51) . Thus, sugar puckers of FANA residues are restricted to the North-East quadrant of the pseudorotation phase cycle (C3 -endo and C4 -exo in the A-form and O4 -endo in the B-form duplex environments). Sugar puckers of ANA residues are restricted to the South-East quadrant (O4 -endo and C1 -exo in the B-form and C1 -exo in the A-form duplex environments). The latter observation is unexpected, as the C1 -exo pucker of ANA residues in the A-form duplex distorts the geometry locally, unlike an O4 -endo conformation of a sugar in a B-form DNA duplex. The observed conformations of ANA and FANA residues are unlikely to be induced by the particular geometry of the DNA duplex in which they were studied.
Another difference between ANA and FANA is the absence of water molecules around the fluorine atom in FANA, whereas the hydroxyl group of ANA is well hydrated in the crystal structures. In both cases the 2 substituents are located in the major groove, thus precluding any steric conflicts with residues from the enzyme active site. FANA's affinity for RNA significantly exceeds that of ANA (100), indicating that the conformational preorganization afforded by the 2 -fluorine substituent is stronger than the combined effects of preorganization by the 2 -OH and favorable contributions to the stability of ANA:RNA duplexes by the 2 -OH-mediated water structure.
The finding that FANA's conformational preferences are not compatible with a Southtype sugar pucker begs the question of the particular geometry of the FANA:RNA duplex at the active site of RNase H. Because it is unlikely that the FANA strand will be forced into a C2 -endo conformation, it is possible that the enzyme tolerates a limited range of conformations in the strand paired to RNA (i.e., O4 -endo). A crystal structure of the enzyme in complex with a FANA:RNA substrate duplex may help answer this question in the future.
-Thio-RNA
Substitution of nucleic acid oxygen atoms by sulfur is conducive to the generation of antisense modifications. In addition to the well-known first-generation PS-DNA, 4thio-RNA (Figure 2) has recently been investigated in terms of its RNA affinity and nuclease resistance and suitability for siRNA and aptamer applications (57) . Several approaches for the synthesis of fully modified 4 -thio-RNAs have been presented (40, 44). The modification increases resistance against exo-and endonuclease attack, and duplexes between 4 -thio-RNA strands are significantly more stable thermodynamically than RNA duplexes. Compared with the crystal structure of the native duplex, the crystal structure of an RNA duplex with an isolated 4 thiocytosine per strand showed only minor geometrical deviations (40). The 4 thioribose adopts a standard C3 -endo pucker, although the sugar is more bulky owing to extended C1 -S and S-C4 bond lengths compared with the natural ribose. The structure allowed only limited conclusions with regard to the consequences of the 4 -thio substitution for backbone and groove hydration. Crystals of a fully 4 -thio-modified RNA duplex that diffract X-rays to medium resolution are available in our lab but have resisted structure determination efforts thus far (M. Egli & P.S. Pallan, unpublished data). Recently, the synthesis and pairing properties of all 4 -thio-DNAs have been published (47) . Accordingly, 4 -thio-DNA exhibits excellent resistance to degradation by exo-and endonucleases, and its hybridization and structural properties resemble those of RNA.
BASE MODIFICATIONS
Compared with studies of modifications of the sugar moiety, there are only very few studies of crystal structures of oligonucleotides containing base analogs. Many investigations concerning artificial bases or base pairs have focused on DNA's four-letter alphabet for biological information storage (62, 69, 76) . Could this alphabet be extended, or is it possible to create alternative coding systems using either altered hydrogen bonding patterns or hydrophobic interactions in place of the wellknown Watson-Crick hydrogen bonding? For example, nucleotides containing complementary pyridine-2,6-dicarboxylate (Dipic) and pyridine (Py) bases formed stable and selective Cu 2+ -mediated pairs, and the crystal structure of a decamer DNA duplex with a single Dipic-Py pair confirmed the square-planar coordination mode of Cu 2+ in the plane of the Dipic base (2). Base analogs were also used to probe the role of individual bases or functional groups in the core region of the hammerhead ribozyme, and the crystal structure of a hydrophobic analog, a ribonucleoside with a phenyl in place of the base moiety, was analyzed in the context of an RNA duplex (59) . Two phenylribonucleosides formed a pseudopair in the center of the duplex, apparently preferring this arrangement to the expected pairing with G.
The natural nucleobases were also modified in order to enhance stacking or to increase hydrogen bonding strength, for example, through the introduction of cationic tethers in the cytosine analog guanidinium G-clamp (101) (Figure 2) . Simple replacement of the O2 oxygen by sulfur in the 2thiothymine (m 5 s 2 U) analog was observed to stabilize a C3 -endo conformation of the sugar and, when combined with the 2 -O-MOE modification, to furnish high affinity for RNA and nuclease resistance (15) . Therefore, substitution of oxygen by sulfur in the phosphate (PS-DNA), sugar (4 -thio-RNA), or base moieties (m 5 s 2 U) has led to analogs with attractive properties for antisense and siRNA applications. The following paragraphs provide brief summaries of other crystallographic studies involving oligonucleotides with incorporated base analogs.
Base Analogs with Cationic Tethers
Introduction of a single tricyclic cytosine analog 9-(2-guanidinoethoxy)-phenoxazine (guanidinium G-clamp) (Figure 2) into DNA strands leads to a dramatic increase of ∼16 • C in the melting temperature of the duplex with an RNA strand (101). The analog was designed to allow for the formation of Hoogsteen-type hydrogen bonds by amino and imino nitrogens of the positively charged guanidinium moiety to the O6 and N7 atoms of G in the major groove. This binding mode was inspired by the major groove Arg · · · G interaction present in virtually all structures of protein complexes (e.g., 74 ). The crystal structure of an A-form DNA decamer fragment with two guanidinium G-clamp:G base pairs at high resolution confirmed the formation of five hydrogen bonds between the analog and G (101). The impressive stability gains afforded by the G-clamp are not simply a result of the two additional Hoogsteen hydrogen bonds and favorable electrostatics, owing to the placement of a positive charge into a region of strong electronegative potential. They are also due to better stacking and a stable water structure that links the guanidinium moiety to the 5 -and 3 -phosphate groups of G on the opposite strand. In addition, the guanidinium G-clamp fits almost seamlessly into the duplex, and apart from minor local changes in the base parameter buckle, propeller twist, and opening angle, there were no notable deviations compared with a reference structure without the C analog that was determined to a similar resolution (101). Potential roles of cations in the modulation of DNA duplex conformation were probed by inserting thymidines carrying an Npropylamine at the 5 position (64). The crystal structure of [d(CGCGAAXXCGCG)] 2 , where X is the T analog with the tethered amine, revealed that three of the cationic linkers were pointing away from the DNA duplex. The fourth linker assumes an orientation that brings it in relatively close association with the backbone, and the tethered ammonium ion interacts with a phosphate group on the 3 side of the modified T. This electrostatically favorable interaction is accompanied by alterations in rise, roll, and twist angles and a shift of the backbone relative to the unmodified oligonucleotide duplex. In addition, the presence of the tethered ammonium ion at that location is associated with displacement of counterions (Mg 2+ , Tl + ) from the major groove.
Oligonucleotides containing 5-(Naminohexyl)carbamoyl-modified uracils ( N U) and the 2 -O-methylated N U analog were tested for their affinities for DNA and RNA, respectively (47a) (Figure 2) . Both modifications bring about substantial gains in affinity for their respective targets and enhance resistance to nucleases. Crystal structures of DNA:DNA and DNA:RNA duplexes containing N U analogs in the DNA strand demonstrate that a hydrogen bond between the carbamoyl amino group and O4 of uracil fixes the aminohexyl chains in the major groove. The terminal ammonium groups of the substituents can form salt bridges to phosphate groups of the target strand, consistent with the increased RNA affinities of DNA strands with incorporated 2 -O-methylated N U residues.
Cis-syn Thymine Dimer
Given that the cyclobutane-type pyrimidine photodimer (CPD) is the most abundant lesion as a result of UV-induced DNA damage and constitutes a major cause of skin cancer, it is perhaps surprising that only in 2002 the first and only crystal structure of an unbound oligodeoxynucleotide (in the absence of protein) containing a CPD was determined (72) . The 3 thymine of the CPD maintains Watson-Crick hydrogen bonds with the complementary A. However, only one hydrogen bond is observed between the 5 -T(CPD) and A (the O4 · · · N6 hydrogen bond is about 0.6Å longer than expected). The presence of the CPD leads to roll-bend of about 30 • into the major groove near the center of the decamer DNA duplex. In addition, the duplex is unwound by about 9 • in the region of the lesion and the major and minor grooves on both the 3 and 5 sides of the CPD are enlarged. The structure provides an indication of some of the topological changes that the repair machinery may use for damage sensing and processing.
DNA Conjugates with Stilbene-Diether Linkers
Synthetic DNA conjugates with bis(2hydroxyethyl)stilbene-4,4 -diether (Sd2) linkers can fold into stable hairpins that are capped by the stilbene moiety. In fact they constitute the thermodynamically most stable DNA hairpins characterized to date: Even a simple stem of two C:G base pairs with an Sd2 cap melts at >80 • C in a buffered solution containing 0.1 M NaCl (49) . A related linker, stilbenedicarboxamide (Sa) in the excited singlet state, acts as a selective electron acceptor that oxidizes G but none of the other DNA bases. This property permitted an investigation of hole injection and migration processes in DNA hairpins (50) . On the other hand, in DNA hairpins containing Sd2 caps the singlet state of the stilbene linker is an electron donor that reduces T or C but not A or G. In the low-resolution crystal structure of the hairpin d(GT 4 G)-Sd2-d(CA 4 C), the stilbene moiety stacked on the adjacent C:G base pair (49) . Packing interactions included a pinwheel-like arrangement involving four neighboring hairpin molecules with edge-to-face interactions between adjacent stilbene moieties. A subsequent structure at 1.5Å resolution of the same Sd2-conjugated DNA revealed two independent molecules per asymmetric unit with altered interactions in the crystal lattice (30). In one of the hairpins the stilbene moiety was stacked on the C:G base pair below (Figure 5) . In the other hairpin the stilbene adopted a twisted conformation, whereby one phenyl ring of Sd2 was unstacked from the G and the other assumed an edge-to-face orientation with C. Thus, the structural data indicate conformational flexibility of the stilbene DFT: 2,4-difluorotoluene (apolar thymine analog) cap in DNA hairpins, consistent with facile transition between face-to-face and edge-toface π-π interactions and cis-trans conversion of the stilbene. These structures also provide a nice demonstration for altered packing interactions (i.e., absence of end-to-end stacking between adjacent duplexes) in DNA crystals as a result of chemical modification. An additional interesting feature of the structure of the Sd2-conjugated DNA was the observation of Mg 2+ hexahydrate coordination in the minor groove of the A-tract. Sequences with runs of A:T pairs that are uninterrupted by a TpA step exhibit particularly narrow minor grooves (24, 45) . Remarkably, Mg 2+ coordination led to further contraction of the minor groove in the A-tract of the Sd2-capped DNA hexamer duplex (30).
Difluorotoluene Analog of T
In addition to serving as a probe for the relative importance of hydrogen bonding and shape of nucleobases in DNA replication (62), the difluorotoluene analog of T (DFT) has also been incorporated into siRNAs in its ribonucleoside form (rDFT). Incorporation of rDFT at the 5 end of the guide strand did not affect gene silencing compared with unmodified RNA (104). Similarly, internal substitutions of U by rDFT were well tolerated. The melting temperatures of RNA duplexes bearing A:DFT pairs were reduced compared with native RNA duplexes, but the former duplexes were more stable than corresponding RNAs with base mismatches. The crystal structure of an RNA dodecamer duplex with two rDFT:A pairs at high resolution revealed that DFT and A were more loosely associated than a stan- 
NUCLEIC ACID ANALOGS
Peptide Nucleic Acid
Several new structures of peptide nucleic acid (PNA) molecules have recently been reported. Peptide nucleic acid is a synthetic DNA mimic in which the phosphodiester backbone is replaced by N-(2-aminoethyl) glycine units and with a methylene carbonyl moiety linking nucleobases and polyamide backbone (66) (Figure 7a) . PNA is achiral, shows stable selfpairing, and cross-pairs with DNA and RNA, and structures have shown the formation of left-handed and right-handed, so-called Pform helices (20) . The PNA duplex features a wide and deep major groove, a twist of ∼20 • (18 base pairs per turn), and a rise of ∼3.4Å, whereby the base pairs are perpendicular to the helix axis. Introduction of an l-lysine at the C terminus appears to lead to a preference for a left-handed helix by the PNA double strand in solution. However, in the structure of the PNA hexamer H-CGTACGl-Lys-NH 2 , both left-and right-handed duplexes were observed (81) . The structure deviated only minimally from that of the unmodified strand (80) , indicating that the addition of lysine did not affect the geometry of the Pform helix. Apparently, packing interactions in the crystal prevent induction of the lefthanded duplex, which is thought to be preferred in solution because of a favorable free energy of hydration as a result of the cation-π interaction between lysine and the terminal guanine base (81) . Similarly, in the structure of the PNA decamer H-GTAGATCACT-l-Lys-NH 2 with the same C-terminal lysine modification, both left-and right-handed helices were observed (75) . However, each PNA strand contains a left-and a right-handed section, and together with the overhangs this leads to the formation of a PNA triplex through Hoogsteentype base pairs. PNA was also modified with lysine internally. For example, the structure of a decameric PNA with a segment of lysine-PNA (side chain in the D configuration attached to C5 ) (Figure 7a ) paired to DNA was determined at high resolution (58) . The PNA-DNA hybrid assumes a right-handed P-helix geometry with about 16 base pairs per turn. The similarities between the PNA:DNA and PNA:PNA duplexes demonstrate that PNA is conformationally rigid and has an intrinsic preference for the P-form helix.
DNA with Extended Backbones: The Five-Atom Amide Linker
DNAs with incorporated 2 -deoxyribonucleoside dimers that are connected by a Peptide nucleic acid (PNA): synthetic DNA mimic featuring a polyamide backbone that is linked to nucleobases via a methylene carbonyl moiety TNA: (l)-αthreofuranosyl-(3 →2 ) nucleic acid five-atom linker O3 -CH * (CH 3 )-CO-NH-CH 2 ( * designates a chiral center) in place of the standard DNA and RNA four-atom linker O3 -P-O5 -C5 were found to exhibit RNA affinities that were only slightly reduced compared with native oligodeoxynucleotides (13) . This finding prompted us to synthesize DNA strands with incorporated dimers linked by five-atom amides of the type X3 -C * H(CH 3 )-CO-NH-CH 2 (X = O, CH 2 ). Particularly in cases in which the extended backbone was combined with a 2 -methoxy modification of the 3 sugar in the dimer, slight increases were seen in the RNA affinity of DNAs carrying single or multiple amide-linked dimers compared to native DNA or DNA strands with 2 -methoxy modifications (71) . Judging from circular dichroism (CD) experiments in solution, no drastic deviations from the conformations of the native DNA:RNA hybrids result upon incorporation of amide-linked dimers. Moreover, a crystal structure of a hybrid duplex between an RNA nonamer and a DNA with a single amide-linked dimer did not reveal any significant deviations compared with the structure of the unmodified DNA:RNA hybrid, i.e., disruption of stacking at or near the site of the extended backbone. Thus, different types of nucleic acids undergo stable cross-pairing even though the numbers of backbone atoms linking their residues do not match.
Tetrose Nucleic Acid
The (l)-α-threofuranosyl-(3 →2 ) nucleic acid (TNA) system (Figure 7b ) was investigated within the context of an etiology of nucleic acid structure (32, 33). TNA forms stable duplexes with itself and, despite having a shorter backbone than DNA and RNA, is able to cross-pair with both (84) . The sugar puckers in RNA and B-form DNA duplexes differ (C3 -endo versus C2 -endo, respectively), and the distance between adjacent intrastrand phosphate groups in the former is about 1Å shorter (6 versus 7Å, respectively) (82) . TNA ANRV311-BB36-14
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30 January 2007 19:0 possesses a higher affinity to RNA than to DNA. Crystal structures of A-form (70) and B-form DNA duplexes (103) containing TNA residues revealed that the α-threofuranose sugar uniformly adopts a C4 -exo pucker with a quasi-diaxial orientation of the 2 and 3 substituents. The diameter of the B-form duplex was slightly contracted at the site of the TNA modifications to accommodate the shorter backbone of the TNA thymidines. However, helical rise and twist were virtually unchanged at the site of the TNA residues compared with a native DNA reference duplex and hence stacking was unaffected by the presence of a single TNA nucleotide per strand (103). However, a comparison with the conformation of the TNA nucleoside in the A-form duplex showed that, independent of the environment, the P · · · P distance is nearly the same (5.79Å in B-form duplex versus 5.70Å in A-form duplex). This indicates that the shorter backbone of TNA is unable to expand to a distance of ∼7Å between the 3 -and 2phosphate groups, typically encountered in Bform DNA (between the 5 and 3 phosphates). Therefore it is likely that DNA adapts to the conformational constraints of TNA and not vice versa.
Overall, the structural data support the conclusion that TNA's higher affinity for RNA than for DNA is due to the closer conformational correspondence of TNA and RNA (70) . DNA is unique in its ability to switch between duplex states with either C2or C3 -endo sugar puckers, and it is more likely that DNA adapts conformationally to TNA than the other way around. Pairing between nucleic acid species with different geometries of the backbone is certainly possible (as demonstrated by PNA as well as the above DNAs with extended amide-linked backbones). However, duplexes between nucleic acids of different constitution but with similar spatial and conformational properties can be expected to be of higher stability than duplexes formed by pairing partners that don't exhibit a close geometric match. DNA and RNA constitute an obvious example in this re-gard because of the generally lower thermodynamic stability of DNA:RNA hybrids relative to that of RNA:RNA duplexes.
Homo-DNA
(4 →6 )-Linked oligo(2 ,3 -dideoxy-β-dglucopyranosyl)nucleotides (homo-DNA) (Figure 7c ) represent the earliest model system investigated in studies by Eschenmoser and colleagues directed at an etiology of nucleic acid structure. Its synthesis and an assessment of the pairing properties were motivated by the question, "Why pentose and not hexose nucleic acids?" (34, 35). Unlike TNA, homo-DNA constitutes an autonomous pairing system; therefore homo-DNA strands do not pair with any of the known nucleic acid systems (i.e., DNA, RNA, or PNA). However, homo-DNA duplexes are thermodynamically more stable than DNA duplexes of the same sequence, and the pairing priorities are altered in homo-DNA as a result of the hexosephosphate backbone: G:C > A:A ≈ G:G > A:T (DNA: G:C > A:T) (46) . The higher stability is entropy based and consistent with the reduced flexibility of the hexopyranose sugar than with the pentofuranoses in DNA and RNA. Homo-DNA pairing is strictly antiparallel and purine-purine pairing is of the reverse-Hoogsteen type. (4 →6 )-Linked nucleic acid systems based on fully hydroxylated hexopyranoses, such as oligo-β-d-glucopyranosylnucleotides, oligoβ-d-allopyranosylnucleotides, and oligo-βd-altropyranosylnucleotides, are unable to pair (32). Neither a qualitative conformational analysis of homo-DNA (34) nor any of the subsequently proposed three-dimensional models of homo-DNA duplexes allowed definitive conclusions regarding its geometry (i.e., duplex helical rise and twist and repeats per turn; reviewed in Reference 26). The recently determined crystal structure of the homo-DNA octamer dd(CGAATTCG) (dd = 2 ,3 -dideoxygluopyranose) at 1.75Å resolution has finally provided a detailed ANRV311-BB36-14
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30 January 2007 19:0 picture of the geometry of the homo-DNA duplex and an improved answer to the question, "Why pentose and not hexose nucleic acids?" (28). Unlike the tightly wound double helix known from B-form DNA, the octamer duplex [dd(CGAATTCG)] 2 resembles a slowly writhing, right-handed ribbon (Figure 8) .
Hallmarks of the duplex are (a) the steep angle between the hexose-phosphate backbones and base axes, (b) the virtual absence of intrastrand stacking and the presence of extensive overlaps between bases from opposite strands, (c) a chair conformation of the hexose, (d ) an average helical rise of 3.8Å (high 5.1Å, low 2.9Å), (e) highly irregular twist angles (average 14 • , high 92 • , low 0 • ), and ( f ) relatively closely spaced phosphate groups in each strand (average P · · · P distance 5.8Å). The range of helical rise and twist values provides an indication of the irregular geometry of the duplex. Unlike the two DNA strands that wind around each other gracefully and in a highly repetitive fashion, the homo-DNA duplex has a more haphazard appearance. Remarkable in this context are the absence of twisting at the outer CpG and the central ApT base-pair steps and the overlap of cross-strand cytosines and adenines in the former and the latter, respectively (Figure 8) . The first of the two adenines in both strands is pulled out from the stack and inserted into an adjacent duplex, whereby pairs of duplexes cross each other at an angle of ∼60 • (Figure 8) . Loopedout adenines form reverse-Hoogsteen base pairs with thymidines from the crossing duplex, consistent with the earlier observation of facile purine:purine pairing between strands that assume an antiparallel orientation (46) .
The strong positive slant (average 44 • ) (28) between backbone direction and base planes in homo-DNA is readily apparent because the duplex is unwound, giving it the appearance of an inclined ladder with uneven spacing of rungs. The strong twist of DNA and RNA duplexes obscures the fact that the two duplexes feature different inclinations between backbones and base planes. In DNA, the backbone Dimerization of homo-DNA duplexes around a crystallographic dyad (thin gray line). The duplex in the foreground is viewed across the minor groove and the symmetry mate is pink.
is virtually normal to the base axes (inclination angle 0 • ), but in RNA the backbone has an inclination of ∼-30 • (26, 28). Each nucleic acid system exhibits a unique base-backbone inclination angle, and the fact that bases and backbones in DNA assume a roughly perpendicular relative orientation provides the basis for its ability to form parallel-stranded duplexes. On the other hand, RNA and homo-DNA that have significant inclination angles can pair only in an antiparallel fashion. Apart from restraining the relative polarity of strands, the difference between the inclination angles of two nucleic acid systems can also serve as an indicator of the potential for pairing between the two. Thus, DNA can adapt to the inclination of RNA (B-form to A-form DNA transition), forming the basis for DNA:RNA hybridization. Conversely, the strongly different inclinations between DNA and homo-DNA and between RNA and homo-DNA prevent ANRV311-BB36-14
30 January 2007 19:0 HNA: 2 ,3 -dideoxy-1 ,5anhydro-d-arabinohexitol nucleic acid pairing between homo-DNA and either of the natural nucleic acids. In addition to providing insights into fundamental issues of nucleic acid chemistry and biology, such as relative strand polarity and base-pairing priorities, the structure of homo-DNA also shed light on the absence of pairing with fully hydroxylated hexopyranosyl nucleic acids (i.e., glucose, allose, and altrose nucleic acids). Thus, the addition of hydroxyl groups in the various configurations to the C2 and C3 positions of the 2 ,3 -dideoxyglucopyranose in the homo-DNA structure produces various short contacts between adjacent sugars as well as be-
Figure 9
Crystal structure of an A-form-like HNA:RNA hybrid duplex viewed across the major (left) and minor (right) grooves. Carbon atoms of hexitol and ribose sugars are green and cyan, respectively. tween sugar and base and sugar and phosphate oxygens. Therefore, the homo-DNA structure helps rationalize nature's preference for pentose to hexose in the genetic system.
Hexitol Nucleic Acid
The 2 ,3 -dideoxy-1 ,5 -anhydro-D-arabinohexitol nucleic acid (HNA) system (Figure 7d ) represents another analog in which the five-membered sugar ring of DNA is replaced by a hexose (14) . HNA is being studied as a promising antisense modification, and unlike homo-DNA, with which it shares the 4 →6 -phosphodiester internucleotide linkages, it forms stable duplexes with RNA and DNA. Based on melting temperature measurements, the order of duplex stability is as follows: HNA:HNA > HNA:RNA > HNA:DNA. The preference for DNA to RNA is consistent with an A-form-like conformation of the HNA double helix, as established by X-ray crystallography (14) . As expected, all hexoses show a chair conformation, in line with the higher conformational preorganization of HNA than with DNA. However, a recent crystal structure of an HNA:RNA duplex (Figure 9 ) at 2.6Å resolution revealed four independent molecules per asymmetric unit that exhibit some conformational variations in their HNA strands (55) . These structures also disclosed a reinforced hydration of HNA phosphate groups that might contribute to the high stability of HNA duplexes and hybrids between HNA and DNA or HNA and RNA. This observation once again confirms hydration as an important player in nucleic acid stability and function.
TOOLS
Seleno Nucleic Acids for Crystallographic Phase Determination
Molecular replacement is typically the method of choice for structure determination ANRV311-BB36-14
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30 January 2007 19:0 of double-helical nucleic acid fragments. However, many structures do not yield to this approach; chemical modification often results in conformational changes that render futile the use of models with canonical geometry. Normally, one then resorts to brominated fragments (Br 5 U or Br 5 C) in combination with the multiwavelength anomalous dispersion technique to generate phases. Although often successful, bromo derivatives have a number of disadvantages. For example, nucleotides brominated at the 5 position of pyrimidines are photolabile, and exposure of derivative crystals to medium-and high-intensity X-rays can result in the loss of bromine (31). Moreover, crystals from brominated oligonucleotides often diffract X-rays to lower resolution than do crystals from native molecules; in some instances brominated strands do not yield crystals. For example, none of the homo-DNA octamers dd(CGAATTCG) modified with either a single Br 5 U or a single Br 5 C provided crystals, thus precluding application of multiwavelength anomalous dispersion phasing (26, 28).
To determine the structure of homo-DNA, we used a single phosphoroselenoate derivative (26, 28) (Figure 2) , an approach that was first tested with crystals of a left-handed Z-form DNA hexamer fragment (102). Selenium can also be incorporated at the 2 position of the ribose moiety in the form of 2 -methylselenonucleosides (18) (Figure 2) . A proof of principle study using this phasing approach was initially carried out for an A-form DNA fragment (92) . However, this method is particularly suited for RNA crystallography (63, 86) and has been extended to long RNAs (43).
Mirror Image DNA and RNA
There are more possibilities for favorable packing arrangements in racemic space groups than in the 65 chiral space groups (from a total of 230). According to a survey carried out approximately 15 years ago (5) , about 90% of the small-molecule compounds that can crystallize in either racemic or chiral space groups prefer the former. This preference need not be a result of particular interactions between the enantiomers in the crystal but may simply be related to the greater variety of packing molecules in racemic space groups. However, there remains the possibility that racemic crystals also exhibit greater density and thermodynamic stability than their chiral counterparts (5 and references within). Crystallization and structure determination of racemic mixtures of d-and loligonucleotides have been reported in only two cases. A 1:1 mixture of d-and ld(CGCGCG) crystallized in space group P-1, and the structure was determined to 2.2Å resolution (16) . However, crystals of dd(CGCGCG) Z-form DNA with space group P2 1 2 1 2 1 diffract X-rays to exceptionally high resolution (>0.6Å) (95) . The structure of the racemic crystal of the RNA octamer duplex r(CUGGGCGG):r(CCGCCUGG) was determined to 1.4Å resolution (83) . But chiral crystals based on the RNA l-isomers alone were also obtained and reported to diffract to a resolution of 1.9Å (97) . On the basis of these two cases it is impossible to judge whether the use of racemic mixtures may significantly increase the chances for growing crystals of nucleic acid fragments. All four of the above structures feature end-to-end stacking between neighboring helices and the formation of infinite columns. Thus, there are no fundamental differences between chiral and racemic crystals in terms of packing motifs. Our own experience regarding the use of racemic mixtures of oligonucleotides to facilitate crystallization was rather disappointing. In the mid-1990s we conducted crystallization trials with chiral and racemic mixtures of DNA and RNA dodecamers. Whereas chiral crystals of d-d(CGCGAATTCGCG) diffract to atomic resolution, no crystals were obtained for the racemic mixture. Neither the chiral strands nor the racemic mixture of the RNA dodecamers with the above sequence 
Neutron Macromolecular Crystallography
The use of neutron diffraction for analyzing crystal structures of macromolecules has traditionally been hampered by the need for very large crystals and long data collection times. However, several studies of nucleic acid hydration based on neutron diffraction have recently appeared (1, 8, 48) . The combination of a spallation neutron source with improvements in instrument design, as proposed for the macromolecular neutron diffractometer (85) to be built at the Oak Ridge National Laboratory in Oak Ridge, Tennessee, is expected to revolutionize neutron macromolecular crystallography. The prospect of neutron diffraction experiments with a resolution of 1.5Å from crystals 1 mm 3 in size and lattice repeats in the range of 150Å is exciting and should greatly benefit structural biology, including analyses of hydration and fine structure of nucleic acid analogs, enzymology, and computational chemistry.
CONCLUDING REMARKS
The search for nucleic acid analogs with improved properties for in vitro and in vivo applications as potential antisense, antigene, aptamer, ribozyme, and, more recently, siRNA agents has been the major driving force for the generation of a large number of chemically modified nucleic acids. A significant subset of these has now been analyzed with structural methods, notably X-ray crystallography. Correlations of the three-dimensional structural data with RNA affinity, nuclease resistance, and, in some cases, cellular uptake have provided guiding principles for the design of modifications with optimized properties for nucleic acid drug discovery. Structures of chemically modified nucleic acids have also yielded fundamental insights into the roles of electrostatics, conformational preorganization, hydration, and stereoelectronic effects, among others, in pairing stability and specificity. Limiting structural studies to native DNA and RNA would not have permitted many of these observations. Nucleic acid analogs also remain the focus of investigations that seek answers to basic questions regarding the origin (nucleic acid etiology) and uniqueness of DNA and RNA. A good example in this context is the recent structure of so-called homo-DNA, which has provided a partial rationalization of nature's preference for pentose to hexose in the genetic system.
SUMMARY POINTS
1. Structural studies of chemically modified nucleic acids and comparisons with the structures of native DNA and RNA molecules have yielded detailed information about the physical and chemical properties of the former, such as the stability of selfpairing and cross-pairing (i.e., RNA affinity), pairing specificity, nuclease resistance, and cellular uptake. The structural data pinpoint several factors that critically affect RNA affinity-a key aspect of modifications in antisense and RNAi applications-such as hydration and stereoelectronic effects involved in conformational preorganization.
2. Structures provide important principles that can guide the design of novel modifications with improved features for applications in high-throughput target validation, drug discovery, and nanotechnology, among others. Investigations of the structures of chemically modified nucleic acids have also led to an improved understanding of DNA and RNA structure and stability (i.e., the balance of electrostatic and dispersive forces and the roles of water and stereoelectronics).
3. X-ray crystal structures at high resolution offer unique insights into the consequences of chemical modifications for conformation and thermodynamic stability. Particularly in regard to hydration and geometric details, crystallography in combination with computational simulations remains an indispensable tool.
4. Replacement of selected oxygen atoms by sulfur in DNA and RNA has furnished analogs with desirable properties for applications as tools and potentially therapeutics. Thus, PS-DNA exhibits enhanced nuclease resistance and uptake and 4 -thio-RNA shows favorable RNA affinity compared with DNA and RNA, respectively. Structures reveal only minor deviations between geometry and hydration of the modified nucleic acids and those of their natural counterparts.
5.
Three-dimensional structures of tetrose (TNA), hexose (homo-DNA and HNA), and PNA have confirmed DNA's unique properties such as the conformational flexibility of the sugar moiety and the relative strengths of self-pairing and cross-pairing with RNA. The structure of homo-DNA revealed a strong inclination between the hexosephosphate backbone and base-pair planes. The absence of a backbone-base inclination in DNA is the reason for its ability to form duplexes with strands that are either antiparallel or parallel in orientation. Nucleic acid pairing systems with significantly different inclination angles will not pair with each other (e.g., homo-DNA with DNA).
6. Selenoated nucleic acids are emerging as powerful tools for crystallographic phasing. Compared with the well-known derivative preparation with halogenated pyrimidines, selenium can be incorporated at various sites (phosphate, sugar, or base). The resulting analogs are resistant to irradiation with light and intense X-rays and, in most cases, to oxidation. 
